Water stress is a fundamental problem for tall fescue [Lolium arundinaceum (Schreb.) Darbysh.] cultivation in the south-central United States. Genetic improvement of tall fescue for water-stress tolerance is the key strategy for improving its persistence in the region. Genotypes with contrasting characteristics for relative water content and osmotic potential were identified from a tall fescue population. Transcriptome profiling between water-stresstolerant (B400) and water-stress-susceptible (W279) genotypes was performed to unravel the genetic regulatory mechanism of water-stress responses in tall fescue. RNA samples from leaf, shoot, root, and inflorescence were pooled and sequenced through Illumina paired-end sequencing. A total of 199,399 contigs were assembled with an average length of 585 bp. Between the two genotypes, 2986 reference transcripts (RTs) were significantly differentially expressed and 1048 of them could be annotated and found to associate with metabolic pathways and enzyme coding genes. In total, 175 differentially expressed RTs were reported for various stress-related functions. Among those, 65 encoded kinase proteins, 40 each encoded transposons, and transporter proteins were previously reported to be involved with abiotic stress responses. A total of 6348 simple sequence repeats and 6658 single-nucleotide polymorphisms were identified in the contig sequences. Primers were developed from the corresponding sequences, which might be used as candidate gene markers in tall fescue. This study will lead to identification of genes or transcription factors related to water-stress tolerance and development of a comprehensive molecular marker system to facilitate marker-assisted breeding in tall fescue.
T all fescue [Lolium arundinaceum (Schreb.) Darbysh.] is an open-pollinated, allohexaploid (2n = 6x = 42) species grown in over 14 million ha in the United States (Sleper and West, 1996) . It is naturally a cool-season perennial grass mainly adapted in the transitional zone of the United States. Compared with other cool-season grasses, that is, perennial ryegrass (L. perenne L.) and Kentucky bluegrass (Poa pratensis L.), tall fescue has a better drought-avoidance mechanism (Huang and Gao, 2000; Sheffer et al., 1987) . However, high heterogeneity exists among individuals within a population; thus, each genotype responds differentially to biotic and abiotic stresses.
Abiotic stresses are the primary cause of an approximate 50% reduction in crop production worldwide (Bray et al., 2000; Valliyodan and Nguyen, 2006) . Plants under heat and drought stresses activate various physiological, metabolic, and defense mechanisms for survival or maintenance of growth and reproduction (Valliyodan and Nguyen, 2006) . Among all the abiotic stresses, drought is the most significant one limiting crop production worldwide. Plant response under drought is a conjugative reflection of stress effects and responses at all underlying levels of organization over space and time (Blum, 1996) . Most of the traits associated with drought tolerance are considered to be polygenic. Therefore, deciphering the basic biochemical and molecular mechanism of plant responses under drought stress is a major challenge in biology.
Though signaling and genetic expression under drought have been reviewed, the corresponding mechanisms are still unclear because of the lack of genomic information Shinozaki and YamaguchiShinozaki, 2007) . Genomic information is very scarce in tall fescue (only 63,853 expressed sequence tags (ESTs) in GenBank), and transcriptome studies may generate useful genomic resources for deciphering target traits. Differentially expressed transcripts identified in tall fescue under water-stress conditions may help discover genes and markers related to water-tress tolerance. Enhanced drought tolerance in plants can be achieved by manipulating various genes, transcription factors, or signaling pathways that are directly involved in protecting plants cells under water scarcity (Valliyodan and Nguyen, 2006) .
In recent years, transcriptomes of several model and nonmodel species have been analyzed, and useful information has been generated (Annadurai et al., 2013; Bai et al., 2013; Fugate et al., 2014; Paritosh et al., 2013; Sangwan et al., 2013; Wang et al., 2013a; Zhang et al., 2013a) . Though tall fescue is an important forage and turf grass species, to the best of our knowledge, this study is the first investigation to characterize transcriptomes related to water stress. In this study, we annotated and analyzed transcriptomes obtained from leaf, stem, root, and inflorescence of both water-stress-tolerant (B400) and water-stress-sensitive (W279) tall fescue genotypes under water-limiting conditions. The present study will enhance tall fescue genome analysis by improving publicly available high-throughput molecular markers and ESTs involved in water stress responses.
MATERIALS AND METHODS

Plant Care and RNA Isolation
Endophyte-infected (Epichloë coenophiala AR584) tall fescue genotypes (B400 and W279) with contrasting characteristics of relative water content (67 vs. 53%) and osmotic potential (−1.23 vs. −1.00 MPa) during water stress were selected from 1000 genotypes of a population (PDF 584) collected from southern Oklahoma (M.C. Saha, unpublished data, 2013) . Three young ramets of each genotype were planted in 3.78-L pots in three replicates. Plants were vernalized in a cold room for 40 d at 6C and an 8-h photoperiod followed by 15 d of acclimation in a growth chamber under optimum light (10 h), temperature (24C), and well-watered conditions. Plants were then exposed to water stress by withdrawing water till the pot soils reached about 60% field capacity. They were then rewatered for 3 d and allowed to water stress again until the susceptible genotype showed severe wilting symptoms. Leaf, stem, root, and young inflorescence samples from all three replicates were collected on Day 15 of the water stress treatment and frozen in liquid nitrogen. RNA was isolated using TriReagent and purified with RNeasy Plant Mini Kit (Qiagen). Copurified DNA in the RNA samples was removed with the DNA-Free Kit (Ambion). RNA quality was substantiated by 2100 Bioanalyzer RNA Nanochip (Agilent) and RNA integrity number values ranged between 6.5 and 10. RNA was quantified using a NanoDrop ND-1000 Spectrophotometer (NanoDrop). A total of 20 g RNA was equally pooled for each genotype from all tissue types and replicates for complementary DNA (cDNA) library preparation.
Construction of Complementary DNA Library and Sequencing
Polyadenylated messenger RNA was purified using Sera-mag Magnetic Oligo (dT) beads (Illumina) and fragmented into smaller pieces (100-400 bp) using divalent cations at 94C for 5 min. Cleaved fragments were converted to double-stranded cDNA using a SuperScript Double-Stranded cDNA Synthesis Kit (Invitrogen) with random hexamer (N6) primers (Illumina). The synthesized cDNA fragments were subjected to end repair and phosphorylation following the procedure described by Wang et al. (2010) . The Illumina paired-end sequencing adapters were ligated to 3-adenylated cDNA fragments. The ligated products were polymerase chain reactionamplified, size selected (200  25 bp), and purified to obtain the final library following the description of Wang et al. (2010) . Library construction and sequencing were done separately for both the genotypes. The library of B400 was sequenced earlier than that of W279. Paired-end sequencing with read lengths of 54 and 90 bp for B400 and W279, respectively, was performed at the National Center for Genome Resources, Santa Fe, New Mexico, using the Illumina Genome Analyzer IIx system according to the manufacturer's instructions (Illumina).
Data Filtering and De Novo Assembly
Sequence reads were quality-trimmed from the end to ensure two consecutive bases had a score of 30 or more; resultant reads <30 bp were discarded. The qualitytrimmed reads were assembled to form contigs using Trinity (Grabherr et al., 2011; Haas et al., 2013) .
The quality-trimmed reads were then mapped into the assembled contigs to identify the densely mapped region in the contigs, using the default settings of the software. These densely mapped regions have been referred to as reference transcripts (RTs) or loci. Mapping quality reads in the contigs along with identification and quantification of the densely mapped regions was done using Tuxedo Suite (Tophat, Bowtie, and Cufflinks) (Roberts et al., 2011; Trapnell et al., 2010) . The assembled contigs were compared using BLASTn with the available tall fescue ESTs and the Brachypodium distachyon (L.) Beauv. genome, using an E-value threshold of 10 −5 (0.00001). Multiple databases were compared for annotation of the contigs to provide insight into gene functions. BLASTx was applied with a threshold of 10 −5 (0.00001) in six databases to search for annotations, which included the GenBank nonredundant proteins (Benson et al., 2008) , EuKaryotic Orthologous Groups (KOG) proteins (Tatusov et al., 2003) , TrEMBL (Bairoch and Apweiler, 2000) , Swiss-Prot (Magrane, 2011) , BrachypodiumCyc enzymes (Chae et al., 2012) , and Pfam (v26.0) database of protein families (Bateman et al., 2004) . Sequences were also compared with E. festucae M3 models and genome (http://www.endophyte.uky.edu/) (Schardl et al., 2013) as these sequences represent the most well annotated sequences from the closest relative to the tall fescue endophyte E. coenophiala. Sequence homology for the contigs was also performed using BLAST v2.2.25+ (http://blast.ncbi.nlm. nih.gov/Blast.cgi) with a cutoff E-value threshold of 10 −5 (0.00001) (Camacho et al., 2009 ). The gene identification numbers corresponding to the nonredundant best hits (using BLASTx) were searched against UniProt KnowledgeBase (Jain et al., 2009; Magrane, 2011) for gene ontology (GO) annotation (Gene Ontology Consortium, 2004) . A search for transposable elements was performed by RepeatMasker 4.0.2 (http://www.repeatmasker.org) using the consensuses from RepBase Update 20130422 (Jurka et al., 2005) . Differential expression analysis with the RTs was performed using cuffdiff v2.2.0 with a p-value threshold of 0.01 (Roberts et al., 2011; Trapnell et al., 2010) .
Single-Nucleotide Polymorphism and Simple Sequence Repeat Calling and Aligning into Brachypodium distachyon Chromosomes
High quality filtered reads from both genotypes were aligned to the contigs and further processed for singlenucleotide polymorphism (SNP) calling using SAMtools mpileup v0.1.7a (http://samtools.sourceforge.net/) (Li et al., 2009) . A minimum read depth of 20 and a base consensus ratio of 0.9 was used to filter heterozygous loci and false positive SNPs. Similarly, simple sequence repeats (SSRs) were detected using MIcroSAtellite identification tool (MISA v1.0) (Ceresini et al., 2005) . Minimum unit size cutoffs of eight for a di-, six for a tri-, and four for tetra-, penta-, and hexanucleotide repeats were used to report SSRs. A maximum distance of 100 bp was allowed between two SSRs. Identified SNPs and SSRs were aligned to the B. distachyon genome (Vogel et al., 2010) using BLASTn, and the distribution patterns of SNPs and SSRs are shown using ggplot (Hadley, 2009) .
RESULTS
Sequence Quality and Transcriptome Assembly
A total of 39,395,238 and 29,324,134 paired-end raw reads were generated from the Illumina GAIIx sequencer for B400 and W279, respectively ( Table 1 ). The raw reads were quality-trimmed and assembled into contigs. A total of 199,399 contigs were obtained, which represented 116 Mb of the tall fescue and endophyte genomes. The maximum and minimum lengths of the contigs were 9671 bp and 201 bp, respectively, with an N50 (the minimum contig length necessary such that all contigs of equal or greater length will equal half of the bases of the assembly) value of 752. The lengths of the contigs were almost normally distributed with an average length of 585 bp ( Fig. 1 and Table 1 ). The guanine-cytosine (GC) content of the contigs was 53% in this assembly. A total of 92,306 RTs were identified by mapping the quality reads into contigs.
Of the 63,853 tall fescue ESTs in the National Center for Biotechnology Information (NCBI) database (31 May 2014), 86.15% (55,011 ESTs) had sequence similarity greater than 77.5% with our contigs, which represented only 10.5% (20,941) of all the contigs. The remaining 8842 ESTs (13.85%) did not find any similarity in our assembled contigs (Supplementary File S1). The N50 and N90 (the minimum contig length necessary such that all contigs of equal or greater length will equal 90% of the bases of the assembly) values of the contigs recognized by NCBI tall fescue ESTs were 632 and 482, respectively, which are higher than N50 (569) and N90 (437) values of existing tall fescue ESTs in the NCBI database. Using the best BLASTx hits in the NCBI-NR database, 173,813 (87.16%) of the contigs showed similarity to various protein sequences. Based on the number of best hits, B. distachyon (34,354) was found to be the closest sequenced genome, followed by barley (Hordeum vulgare L.) (28,019) and Aegilops tauschii Coss. (27, 756) . Similarities were also identified to the Clavicipitaceous fungal sequences, that is, Claviceps purpurea (2.2%, 3845 contigs), Metarhizium anisopliae (1.5%, 2558), and M. acridum (1.1%, 1926) that likely represent transcripts from the endophyte E. coenophiala AR584 strain present in the two tall fescue genotypes (Fig. 2) .
Comparison of the contigs with the B. distachyon genome using BLASTn indicated that 60.6% (120,839) of the contigs had been identified with higher than 77% sequence similarity. Out of the recognized contigs, 46.6% (57,192) had 90 to 100% sequence similarity, 52.4% (62,977) had 80 to 90% similarity, and only 0.56% (670) had sequence similarity between 77 and 80%. In addition to plant sequences, the E. festucae M3 gene models were compared with the contig database to determine the amount of endophyte sequences that could be identified within the transcriptome. In total, 4168 E. festucae genes were identified that match to 8762 (4.39%) contigs, where 75% of the query had at least 90% identity (E-value <10 −20 ). The E. festucae genome (Schardl et al., 2013) sequences showed sequence similarity to 11,304 (5.66%) contigs. Comparison of the GC content of the contig dataset revealed that genes considered of fungal origin had a similar GC content (54%) to the host genes (53%).
Functional Annotation
Almost 38% of our contigs (75,298) were recognized by Swiss-Prot annotation. Out of these, 64,537 were annotated as distinct functional proteins, 2701 as putative proteins, and 8060 as proteins with probable functions. About 125,695 (63.0%) contigs had homology with GenBank-NR annotation. Of these, 24,834 contigs were annotated as hypothetical proteins, 62,117 as specific predicted proteins, 8611 as putative proteins, 16,079 as proteins with definite function, 13,203 as uncharacterized, and 851 as unknown proteins. TrEMBL recognized 125,937 (63.2%) contigs, while PlantCyc and KOG recognized 46, 198 (23.2%) and 90,065 (45.2%) contigs, respectively. Initially, GenBank-NR was preferred for finding GO annotation from UniProtKB (Jain et al., 2009; Magrane, 2011; Suzek et al., 2007) because of better annotation information compared with other databases (Bairoch and Apweiler, 2000) . Finally, all the annotation information was consolidated from all database hits using the preferred order of NCBI-NR, Swiss-Prot, KOG, Pfam, TrEMBL, PlantCyc, and BrachypodiumCyc. A total of 127,497 annotations were obtained by consolidating all the listed database information (Supplementary File S2) .
A diverse representation of functional genes was obtained from annotated contigs in GO (Fig. 3) . Among the three categories, 106,466; 46,043; and 82,614 GO terms were found under molecular function, cellular component, and biological process, respectively. In the molecular function category, adenosine-triphosphate binding (11, 853) , and zinc-ion binding (6243) were the main categories, constituting 11.1 and 5.9%, respectively. Nucleus (9918) and integral component of membrane (7035) were found to be the most frequently occurring annotated terms, contributing 21.5 and 15.3% of the cellular component category, respectively. Proteolysis (2325) and transcription DNA-templated (2010) were the two most frequently annotated terms, contributing 2.8 and 2.4%, respectively, under the biological process category. Overall, GO terms, including transcription, DNAtemplated, regulation of transcription-DNA-templated, defense response, metabolic process, RNA-dependent DNA replication, transmembrane transport, protein folding, intracellular protein transport, response to oxidative stress, signal transduction, oxidation-reduction process, and response to stress were enriched with a high frequency of annotation under the biological process category. Since the plants were subjected to water stress, signaling and stress-related annotation were frequently observed in this dataset. A total of 77 signal-related terms were identified from 3073 contigs. Out of those, 444 contigs were related to signal transduction. Eleven stress-related terms were identified from 1365 contigs, out of which oxidative stress and response to stress were the most frequently appearing terms with occurrences of 463 and 408 contigs, respectively. The terms response to water deprivation and cellular response of water deprivation were also frequently annotated (135 and 50, respectively) under the biological process category.
The KOG database contains proteins or groups of proteins from at least three different lineages of eukaryotic organisms. Every protein in the KOG database is assumed to be evolved from an ancestor protein (Annadurai et al., 2013) . Contigs were aligned with the KOG database, and all 25 functional categories were well represented in the annotation (Fig. 4) . In the KOG database, a total of 12,747 contigs were recognized with various annotations. Among the 25 categories, the cluster for general function prediction (2170 contigs) represented the largest group, followed by posttranslational modification, protein turnover, and chaperones (1376 contigs). The other important clusters were signal transduction mechanisms (976), translation ribosomal structure and biogenesis (793), and transcription (654). In general, the terms posttranslational modification, protein turnover, chaperones, signal transduction mechanisms, and transcription under the KOG classification covered almost 24% of the recognized annotations.
Contigs were searched for conserved protein domains. Protein kinases (PF00069.20 and PF07714.12) were found to be the most abundant domains, followed by P450 (PF00067.17), PPR_2 (PF13041.1), and RRM_1 (PF00076.17). The domains zf-RING_2 (PF13639.1), UDPGT (PF00201.13), NB-ARC (PF00931.17), Sugar_tr (PF00083.19), and Transferase (PF02458.10) were found within the top 10 most frequently appearing domains in the contigs database (Fig. 5) .
A total of 80 transposable elements in 78 contigs were identified using the RepeatMasker database. Only nine transcripts showed more than 50% sequence similarity with transposons. Among those, six were recognized under the ubiquitous class of Copia LTR retrotransposon.
Differential Expression
Between the two genotypes, 2986 RTs were significantly differentially expressed. The drought-tolerant genotype, B400, had fewer differentially expressed upregulated RTs (1113) compared with W279 (1873 RTs). Among the differentially expressed RTs, 1048 were matched with annotated proteins, 175 of which showed a stress-related response. Among the RTs related to stress response, kinase-type proteins (65) were the most frequently appearing RTs followed by transposons (40) and transporter proteins (40). Considering the kinases, 19 serinethreonine protein kinases were differentially expressed between the two genotypes. Among these serine-threonine protein kinases, 11 were upregulated in W279 and eight were upregulated in B400. RTs related to 14 cysteine-rich, receptor-like protein kinases and eight zinc finger domains were found differentially expressed between the two genotypes (data not shown).
Based on the lowest q-value (<0.0095), the top 51 differentially expressed RTs were sorted from the 175 stressrelated RTs. The protein functional roles of the sorted RTs were explored and are presented in Table 2 . Among those, 15 were protein kinases, 11 were transport proteins, five were transcription factors, three were signaling proteins, four were regulatory proteins, and the rest were unique functional proteins. Of these listed proteins, 44 were reported to have responses to abiotic stresses. Among the kinase proteins, 12 leucine-rich repeat (LRR) protein receptor-like kinases were differentially upregulated. Out of 12 LRR receptor-like kinases, 11 were upregulated in the W279 genotype ( Table 2) .
Development of Simple Sequence Repeat and Single-Nucleotide Polymorphism Markers
A total of 8788 SSRs were identified in 8490 contig sequences. Out of those, 246 sequences contained compound SSRs. Using Primer3 (Untergrasser et al., 2012) , it was possible to design primers for 6348 SSRs. Among the designed primers, 194 had compound SSRs and the remaining had simple SSRs. Hexanucleotide repeats constituted the largest group (2082), followed by pentanucleotide (1727) and trinucleotide (1207). Dinucleotide repeats were found to be the smallest group in the SSR collections (Supplementary File S3) . On average, one SSR was found in every 13.20 kb with a frequency of 4.4% of the total contigs length. A total of 6862 SNPs were called in the contigs dataset. Among those, primers were designed for 6658 SNPs (Supplementary File S4) . The remaining SNPs were located toward the end of the transcript sequences. Contig sequences containing primers of SSRs and SNPs were aligned to the B. distachyon chromosomes separately. The alignments showed almost homogeneous distribution throughout the B. distachyon genome. As both SSRs and SNPs showed similar distribution, we presented only the SNP alignment in Fig. 6 .
DISCUSSION
Next-generation sequencing technologies have become a tremendous technique for transcriptome studies of nonmodel species because of their low labor requirement and cost-effectiveness. Tall fescue has a large, complex genome with little molecular information; therefore, transcriptome analysis has a significant impact on information generation that could lead to tall fescue improvement. In this study, RNA from leaf, stem, root, and inflorescence of two tall fescue genotypes that vary in waterstress responses were used for transcriptome sequence analysis. Transcriptomes from two genotypes expressed under water-stress conditions were compared. RNA from Figure 5 . Top 25 most abundant protein family domains. A BLASTx using an E-value cutoff of 10 −5 (<0.00001) was used to search for conserved protein domains using the transcriptome assembly. Vertical bars represent the number of contigs relevant to the respective domains. multiple plants and tissues provided good coverage and quality assembly. After quality trimming and assembly, we obtained reads with an average size of 585 bp, which is longer than the average of many libraries (Annadurai et al., 2013; Shi et al., 2011; Wang et al., 2010; Wei et al., 2011; Xia et al., 2011) . The N50 value represents one of the important quality criteria of an assembly where a higher value represents higher quality. Although quality might be varied from species to species, our observed N50 value (752) is higher than N50 values of many other libraries (Shi et al., 2011; Wang et al., 2010; Wei et al., 2011; . A high similarity of NCBI-available tall fescue
ESTs is another indication of good quality assembly. However, 90% of the contigs were unrepresented in the NCBI tall fescue EST database; thus, this might be a valuable additional resource for further exploration in various molecular and genomic studies of tall fescue.
As there is not much genomic information available for tall fescue, we compared the assembly by BLASTx analysis in the NCBI-NR database. Brachypodium distachyon was found to be the closest sequenced genome, followed by barley, wheat (Triticum aestivum L.), and rice (Oryza sativa L.). All these genomes belong to the same family, Poaceae, and closeness to the genomes followed the phylogenetic relationships among these species (King et al., 2013) . Unfortunately, L. perenne, a member of the same Poeae tribe was not readily identified because of the scarcity of genomic information in this species compared with B. distachyon, barley, wheat, and rice. Finding a close relationship with B. distachyon has a great significance because it is a very good model for genomic and molecular study of various grasses (Brkljacic et al., 2011; Vogel and Bragg, 2009; Vogel et al., 2010) . The sequenced genome, Affymetrix microarray, mutant and tilling populations, and easy transgenic development of B. distachyon will be very useful for comparative study using tall fescue molecular and genomic information. Along with these, B. distachyon serves as a useful functional model for the temperate grasses to study cell wall biosynthesis and composition, stress tolerance, and root growth and architecture (Guillon et al., 2011; Watt et al., 2009 ). More than 60% BLASTn hits of the tall fescue contigs were identified in the B. distachyon genome, which also signifies the usefulness of the model plant for tall fescue research. In addition to the expected plant transcripts, sequences from the endophyte E. coenophiala were also identified in the contigs. In total, 5.7% of the contig sequences could be attributed to the endophyte. Fungal transcripts were expected within the contigs as both the tall fescue genotypes were infected with E. coenophiala strain AR584, which is present in the leaf, stem, and inflorescence tissue samples. Taken altogether, this analysis suggests that our tall fescue transcriptome is a good representation of plant gene expression and has potential for comparing expression diversity between the two genotypes. Tall fescue has better persistence under harsh environmental conditions when in association with the endophytic symbiotic partner; as such, the endophyte is indispensable for tall fescue cultivation in the Great Plains region. Therefore, these contigs provide a useful resource for exploring the genetic interaction between the plant host and the symbiont.
Gene ontology and KOG annotations indicated the presence of transcripts involved in various physical and physiological mechanisms. Higher frequencies of GO terms related to transcription, signal transduction, and stress validate the sampling under water-stress conditions and the reliability of our gene expression data. Gene ontology terms corresponding to various abiotic and biotic stresses were also found enriched in this waterstressed gene expression dataset, which indicates probable cross talk among stress-responsive genes in tall fescue as identified in many other crops (Xiong et al., 2002) .
Protein kinases are known to be involved in various cellular processes including metabolism, transcription, cell movement, cell differentiation, and cell apoptosis. As this domain is involved in various cellular processes, its abundance is expected (Annadurai et al., 2013) . Cytochrome P450s consist of a very diverse group of enzymes involved in catalyzing the oxidation of organic substrates. The promoters of many cytochrome P450s contain recognition sites for MYB and MYC, ACGT-core sequence, and TGA-box and W-box for WRKY transcription factors, and are reported to be induced by both biotic and abiotic stresses (Narusaka et al., 2004) . The WRKY domain, which frequently appeared in this study (Fig. 5) , is associated with DNA binding proteins that play an important role in plant defense responses, hormone signaling and plant responses to abiotic stress (Cheng et al., 2012) . The appearance of a high number of contigs associated with both Cytochrome P450s and the WRKY domain might be due to a stress response.
Transposons, transporters, and protein kinases are important upstream regulators of plant responses under various stresses (Grandbastien, 1998; Xu et al., 2013) . Transposons might be stress activated and contribute to gene regulation for adaptation (Cavrak et al., 2014) ; some transposons were found to be tightly linked with molecular pathways activated by stress (Grandbastien, 1998) . Though 40 transposon-related RTs were differentially expressed, many of them were not related to any annotated protein. Most of the comparisons had relatively higher q-values; thus, only one (Retrotransposon protein, putative, Ty1-copia subclass) was included in our further exploration (Table 2) . Studying Ttdla, a Ty1-copialike retrotransposon, Woodrow et al. (2010) found that the activation and mobilization of the transposon was influenced by environmental stress as part of a defense mechanism. Therefore, the high number of differentially expressed RTs related to retrotransposons found in this study might be due to a water stress response.
Osmoregulation is a fundamental process for plant growth and adaptation under water stress. SNF-related kinase protein, ABA signaling, and K + uptake transporters were found to be involved in osmotic adjustment in Arabidopsis thaliana (L.) Heynh. under water stress (Osakabe et al., 2013) . Upregulation of a high number of transporter proteins in the W279 genotype might be due to the process of osmotic adjustment under water stress.
The network of the receptor-like, serine-threonineprotein kinases gene family in plants acts like a central processing unit by sensing environmental conditions, phytohormones, and other external factors. In response, changes are made to gene expression, metabolism, and cell growth and division to cope with environmental changes (Hardie, 1999) . The cysteine-rich, receptor-like proteins play an important role in stress response (Zhang et al., 2013b) . Wall-associated receptor kinases (WAK) were differentially upregulated between the two genotypes. These proteins have been implicated in cell-wall expansion and may perform cell-wall cytoplasmic signaling for stress response (Sharma et al., 2013) as WAKs and WAK-like genes are known to be involved in biotic and abiotic stress responses . Overall, receptor-like kinase (RLK) proteins are encoded by a multigene family, which plays an important role in signal transduction pathways. Receptor-like kinases are thought to be involved in optimizing drought response and mostly regulated by ABA signaling. Receptor-like kinase proteins like CLAVATA1, SRK2D/SnRK2.2, SRK2E/OST1/SnRK2.6, and SRK2I/SnRK2.3 in A. thaliana; OsSIK1 in rice (Ouyang et al., 2010) and GbRLK in cotton (Gossypium barbadense L.) were reported as drought responsive and regulated by ABA signaling (Zhao et al., 2013) . Thus, upregulation of a higher number of RTs related to various RLK proteins in W279 might be due to ABA regulatory gene expression under water stress.
In plant cells, ABA accumulation increases as water content decreases during the progression of water stress. As a result, ABA-induced gene expression is mainly found during the later stages of drought stress (Shinozaki and Yamaguchi-Shinozaki, 1997 ). B400 maintains a relatively greater amount of water inside the cells under water stress; thus, many of the ABA-induced genes may not be expressed in it. The higher number of upregulated transcripts identified from the W279 genotype was probably due to higher ABA accumulation because of lower cell water content under water stress. SNF1-related protein kinases are the key component of ABA signaling (Osakabe et al., 2013) . Upregulation of RTs related to those genes in the W279 genotype (Table 2 ) also supports the finding of a higher amount of ABA-induced gene expression in W279 due to upregulation of ABA signaling.
Along with a higher number of upregulated RTs, it was also found that RTs associated with xylanase (XLOC_004135) and early-responsive to dehydration-2 (XLOC_079779) were upregulated in W279 (Table 2) . Xylanases are enzymes containing various domains, in addition to the catalytic domain, and are responsible for cell-wall degradation (Suzuki et al., 2002) . Similarly, the early-responsive to dehydration-2 was reported to be responsible for programmed cell death under disease infestation (Xu et al., 2012) . Upregulation of these two genes might cause the sensitivity of W279 under water stress, because the presence or upregulation of single gene may cause sensitivity to drought. As an example, in a microarray-comparative gene expression study, Atkinson et al. (2013) reported that overexpression of rapid alkalinization Factor-Like8 (AtRALFL8) and azelaic acid induced1 (AZI1) conferred drought susceptibility in A. thaliana. RTs associated with xylanase and early-responsive to dehydration-2 might be a good target for further study. We could not identify any specific RTs responsible for water stress tolerance in B400; however, transcriptome analysis using samples collected toward the inception of the water stress might be effective to identify the cause of water stress tolerance in B400.
Single-nucleotide polymorphisms and polymorphic SSRs are important tools for marker-assisted breeding technology for any crop. Only a few hundred SSR markers are currently available for tall fescue (Saha et al., 2006; Saha et al., 2004; Saha et al., 2005) . The marker resources developed in this study will definitely facilitate the molecular breeding of tall fescue. In addition, markers identified from water-stress-expressed genes will provide insight when correlating for abiotic stress tolerance. A set of molecular markers distributed throughout the genome is very important for quantitative trait loci analyses, genotype fingerprinting, phylogenetic analysis, and mapbased cloning (Shen et al., 2004) . The markers are well distributed in all five B. distachyon chromosomes except the centromere region and the short arm of chromosomes four and five. It may be possible that the similar genomic region of tall fescue with the short arm of B. distachyon chromosomes 4 and 5 has a higher density of transposable elements. It has been reported that transposable elements (TEs) are very commonly methylated (Vaughn et al., 2007) , and the presence of methylated TEs may suppress the expression of neighboring genes . Accumulation of TEs is negatively correlated with recombination rate, and ectopic recombination removes TEs from the genome (Hollister and Gaut, 2009) . In this regard, variability of the marker distribution might be the result of the nonhomogeneous recombination rate in the tall fescue genome due to extreme heterozygosity. A very low number of annotations related to transposable elements (Table 1 ) might also be due to the high level of heterozygosity that exists in tall fescue.
Overall, mapping these markers in tall fescue and closely related species in which marker resources are scarce will open the opportunity for comparative mapping with the B. distachyon genome. Development of a genotyping platform for tall fescue at the Noble Foundation is underway, and the SNP and SSR markers from this transcriptome study will be a very useful resource for the continuation of tall fescue marker enrichment.
CONCLUSIONS
Transcriptome sequencing of two tall fescue genotypes that differ in their response under water-stress conditions was performed. About 69 million paired-end raw reads were generated, from which almost 200,000 contigs were assembled for further analysis. About 3000 RTs were significantly differentially expressed between the two genotypes. Reference transcripts related to 65 kinase proteins, 40 transposons, 40 transporter proteins, and eight transcription factors were found differentially upregulated and might be associated with the water-stress response in these genotypes. Primers were developed from contigs for 6348 SSRs and 6658 SNPs. These primer-associated sequences were found homogeneously distributed in all B. distachyon chromosomes. To the best of our knowledge, this is the first RNA-seq study in tall fescue under waterstress conditions. Collectively, data generated in this study will be a valuable resource for tall fescue research programs. The identified candidate genes, SNPs, and SSRs need to be validated to use as genotyping platforms of tall fescue improvement for abiotic stress tolerance.
